ABSTRACT The antennae of Grapholita molesta (Busck) are more susceptible to sex pheromoneÐ induced sensory adaptation than the antennae of Choristoneura rosaceana (Harris). Adaptation is detectable in G. molesta at 1/1,000th the aerial concentration of pheromone (i.e., 5.0 ϫ 10 Ð7 ng Z8 Ð12:OAc/ml air) that is required to induce detectable adaptation in C. rosaceana (i.e., 5.0 ϫ 10 Ð 4 ng Z11Ð14:OAc/ml air). In addition, the predicted concentration of pheromone required to induce 50% adaptation in G. molesta (i.e., 1.2 ϫ 10 Ð3 ng Z8 Ð12:OAc/ml air) after 15 min of exposure is only one sixth the estimated aerial concentration required to induce the same level of adaptation in C. rosaceana (i.e., 7.5 ϫ 10 Ð3 ng Z11Ð14:OAc/ml air) after 15 min of exposure. Sixteen percent and 28% adaptation of G. molesta antennae is predicted after 15 and 30 min of exposure to the equivalent of 1 ng Z8 Ð12:OAc/m 3 air (i.e., 1 ϫ 10 Ð 6 ng Z8 Ð12:OAc/ml air). The predicted level of adaptation in C. rosaceana antennae, however, is only 1.5 and 9.9% after 15 and 30 min of exposure, respectively, to the equivalent of 1 ng Z11Ð14:OAc/m 3 air (i.e., 1 ϫ 10 Ð 6 ng Z11Ð14:OAc/ml air). The approximately three-fold greater level of sensory adaptation in G. molesta antennae after 30 min of exposure to a pheromone concentration measured in pheromone-treated orchards (i.e., 1 ng/m 3 ) may be one reason why this species is more readily controlled than C. rosaceana using mating disruption.
Mating disruption is an effective alternative to the use of insecticide for the control of some moth pests of Þeld crops, orchards, and vineyards (Cardé and Minks 1995) and is an important component of many current integrated pest management (IPM) programs (Cardé 2007) . The technique has minimal effect on nontarget organisms, is environmentally friendly, and is highly compatible with other methods of pest control (Kirsch 1988) . Disruption is achieved by permeating a cropping environment with synthetic pheromone that is dispensed from atomizers, sealed plastic tubes, openended hollow Þbers, laminated plastic ßakes, or microcapsules (Cardé 2007) . A reduction in the responsiveness of antennal pheromone sensory neurons (peripheral nervous system adaptation) and/or the central nervous system (habituation), competition between synthetic and natural sources of pheromone (competitive attraction), camoußage of natural pheromone plumes, imbalance of sensory input, and inhibition of response by antagonists or pheromone mimics have been proposed as modes of action of these pheromone treatments (Bartell 1982; Cardé 1990 Cardé , 2007 Cardé and Minks 1995; Sanders 1997) . Mating disruption may also be achieved using attracticides that contain pheromone and a lethal dose of insecticide (Cardé 2007) .
The action potential responses of sensory neurons exhibiting adaptation have smaller amplitudes, slower rise times, and faster decline times than nonadapted neurons (Stengl et al. 1999) . A reduction in action potential amplitutes in sensory neurons during continuous exposure to pheromone was Þrst recorded using an electroantennogram (EAG) by Kuenen and Baker (1981) in Trichoplusia ni (Hü bner). These authors and others (Baker et al. 1988 Baker and Haynes 1989; Stelinski et al. 2004 ) exposed moths to a plume of synthetic pheromone dispensed from rubber stoppers. In other studies, moths were exposed to a stream of air that had passed through an enclosure containing a source of pheromone (Schmitz et al. 1997) , or moths were held in enclosures containing a source of pheromone with an air exchange system for maintaining constant pheromone concentration (Stelinski et al. 2003a,b) . It was not possible in these studies to comprehensively examine the relationship between adaptation and aerial pheromone concentration because pheromone emission rates could not be accurately controlled. A method for precisely controlling the aerial concentration of pheromone was developed by Trimble and Marshall (2007) , who integrated the use of a pheromone sprayer (El-Sayed et al. 1999 ) and an EAG (Roelofs 1984) to induce and measure sensory adaptation in the antennae of G. molesta and C. rosaceana.
The effectiveness of mating disruption depends on the initial population density of the pest, the degree to which fertile females immigrate into the pheromonetreated area, the release rate characteristics of the pheromone-dispensing device, and the susceptibility of the pestÕs chemosensory communication system to disruption by pheromone (Cardé and Minks 1995) . The oriental fruit moth, Grapholita molesta (Busck), a worldwide pest of peach (Rothschild and Vickers 1991) , can be successfully controlled using mating disruption even at initially high population densities (Cardé 2007) . In contrast, the obliquebanded leafroller, Choristoneura rosaceana (Harris), an important pest of apple in North America (Reissig et al. 1986 ), has proven difÞcult to control using mating disruption even at low population densities (Cardé 2007) . Sensory adaptation has been measured in the antennae of both G. molesta (Stelinski et al. 2005, Trimble and Marshall 2007) and C. rosaceana (Stelinski et al. 2003a, b; Trimble and Marshall 2007) when they are continuously exposed to pheromone. Trimble and Marshall (2007) found that the antennae of G. molesta did not recover any sensitivity to pheromone when held in pheromone-free air for 15 min, whereas the antennae of C. rosaceana recovered 32% of their sensitivity, and they suggested that this difference might contribute to the difference in the relative efÞcacy of mating disruption in these species. Another factor contributing to the difference in the effectiveness of mating disruption in G. molesta and C. rosaceana could be a difference in the "susceptibility" of their antennae to adaptation when moths are continuously exposed to pheromone. Trimble and Marshall (2007) found that the antennae of G. molesta and C. rosaceana exhibit a similar reduction in sensitivity to pheromone of 80 and 70%, respectively, when they are exposed to 0.5 ng/ml air of their main pheromone compound for 30 min (Trimble and Marshall 2007) , but they did not compare reductions in sensitivity at lower aerial concentrations of pheromone.
In this study, we compare the relationship between sensory adaptation and aerial concentration of pheromone in the antennae of G. molesta and C. rosaceana to determine whether the antennae of the former species are more susceptible to adaptation. The pheromone sprayerÐEAG apparatus of Trimble and Marshall (2007) was used to induce and measure reductions in antennal sensitivity after exposure to aerial pheromone concentrations ranging from 5 ϫ 10 Ð7 to 5 ϫ 10 0 ng pheromone/ml air. The lowest concentration that was tested is equivalent to 0.5 ng/m 3 air, which is below the 1Ð2 ng pheromone/m 3 air that has been measured in orchards treated with pheromone for mating disruption (Koch et al. 1999 ).
Materials and Methods
Insects. Oriental fruit moths were obtained from an insecticide-susceptible laboratory colony (Pree et al. 1998) . The larvae of this species were reared on 3-to 4-cm-diameter green apples that had not been sprayed with insecticide (Pree 1985) . Obliquebanded leafrollers were also obtained from an insecticide-susceptible laboratory colony (El-Sayed et al. 2001) . The larvae of this species were reared on artiÞcial diet (Shorey and Hale 1965) . Male pupae of each species were held separately for emergence at 23ЊC, 60% RH, and a 16L:8D photoperiod in 33 by 33 by 33-cm Plexiglas cages.
Pheromone. (Syntech, Hilversum, The Netherlands) . Antennal depolarization (mV) data were Þltered, ampliÞed, visualized, and stored using a personal computer and software (Syntech 1997) . The antennae of 1-to 2-d-old males were excised at their bases and attached to the electrodes of the EAG probe using Spectra 360 Electrode Gel (Parker Laboratories, Orange, NJ). Four to six segments were removed from the distal end of the antenna to facilitate conductivity (Trimble and Marshall 2007) . Antennal preparations were exposed to an airßow of 2 liters/min of humidiÞed and charcoalÞltered air through a 30-cm-long glass tube (8 mm ID, 10 mm OD). The estimated air velocity at the end of the tube was Ϸ66.4 cm/s. This air was removed from the room housing the EAG equipment using an exhaust manifold positioned 10 cm from the end of the air delivery tube. The air delivery tube had two, 2-to 3-mm-diameter holes located 10 and 20 cm from the outlet to facilitate insertion of a Pasteur pipette used to administer the pheromone test stimulus (10 cm) and the nozzle of the pheromone sprayer used to atomize ethanol or a solution of pheromone in ethanol (20 cm). Test stimuli of either 10 g of Z8 Ð12:OAc (oriental fruit moth) or 100 g of Z11Ð14:OAc (obliquebanded leafroller) were applied to a 1 by 5-cm piece of Whatman No. 1 Þlter paper (Whatman International, Maidstone, United Kingdom) in 50 l of 99.9% pure ethanol (Commercial Alcohols, Brampton, Ontario, Canada). These amounts of pheromone elicited the maximum EAG response in antennae (unpublished data). A piece of Þlter paper to which 50 l of ethanol was applied was used as a "blank" stimulus. The Þlter paper squares were placed in a Pasteur pipette after the solvent had evaporated for 30 min in a fume hood. Test stimuli were delivered in 0.5-s pulses of 36 ml of air using the Stimulus Air Controller. The ßow of air in the air delivery tube was interrupted during the 0.5-s stimulus pulse. Pasteur pipettes and Þlter paper squares were renewed after 4 h of use (Ϸ36 stimulations).
Pheromone Delivery System. The pheromone sprayer (El-Sayed et al. 1999 ) consisted of a CMA dual-syringe microdialysis pump (model 102; Carnegie Medicine, Solna, Sweden), gas-tight, 50-l capacity microsyringes (Hamilton, Reno, NV), a GoldStar function generator  LG Precision, Seoul, Korea), sprayer nozzles, and piezoceramic elements. Sprayer nozzles that produced a constant aerosol at pump ßow rates down to 0.125 l/min (Trimble and Marshall 2007) were drawn from 10-l capacity glass capillary tubes (Microcaps; length ϭ 41 mm, OD ϭ 0.8 mm, ID ϭ 0.6 mm; Drummond ScientiÞc, Broomall, PA) using a Narishige microelectrode puller (model PP-830; Narishige, Tokyo, Japan). Pheromone solution was transported to the nozzle through ßuorinated ethylene propylene tubing (FEP Tubing; ID ϭ 0.12 mm; Carnegie Medicine). The nozzle was attached to a piezoceramic bending disk motor element (diameter ϭ 1.25 cm, type T216-A4NO-273X; Piezo Systems, Cambridge, MA) and excited using the function generator to an oscillation frequency of Ϸ120 kHz (ElSayed et al. 1999) . A micromanipulator was used to position the tip of the nozzle in the center of the air delivery tube.
Relationship Between Sensory Adaptation and Pheromone Concentration
Experimental Procedures. The effect of 15 and 30 min of exposure to eight aerial concentrations of pheromone on antennal EAG response was measured for each species using Z8 Ð12:OAc for the oriental fruit moth and Z11Ð14:OAc for the obliquebanded leafroller. The responsiveness of an antennal preparation to pheromone was Þrst conÞrmed by recording an EAG response to the blank stimulus (i.e., 50 l ethanol) and then to a pheromone stimulus after a 1-min recovery period (unpublished data). The antenna was exposed within 10 s to the standard humidiÞed and charcoal Þltered airßow of 2 liters/min (control 1); air plus 0.125 l ethanol/min (6.25 ϫ 10 Ð5 l/ml air; control 2); or air, ethanol, and pheromone. Pheromone was administered using an 8.0 ϫ 10 1 mg pheromone/ml ethanol solution delivered at 0.125 l solution/min, for resultant aerial pheromone concentrations of 5.0 ϫ 10 Ð7 Ð 5.0 ϫ 10 0 ng pheromone/ml air. A concentration of 0.5 ng Z11Ð14: OAc/ml air was estimated as the minimum needed to induce antennal adaptation in the obliquebanded leafroller (Stelinski et al. 2003a) . Second and third EAG responses were recorded using a pheromone stimulus 15 and 30 min after initiating exposure of the antennae to 1 of the 10 treatment conditions. Ten antennae of each species were tested using each of the 10 treatments. Groups of 10 antennae were exposed to increasing aerial concentrations of pheromone to minimize the possibility that contamination of the EAG apparatus with pheromone would affect EAG response when using the lowest aerial concentrations of pheromone. The air delivery tube was changed before testing each antenna. These tubes were washed with a soap solution, rinsed with acetone, and heated to 300ЊC for 8 h before being reused.
Data Analysis. Statistical analysis was performed using JMP Version 7.0 (SAS Institute 2007). The signiÞcance of the increase in mean EAG response when antennae were Þrst stimulated with the blank and then with a pheromone stimulus 1 min later was tested using a paired t-test. The signiÞcance of the effect of a treatment on mean EAG response was tested using a multivariate repeated measures analysis of variance (ANOVA) in which the pheromone stimuli administered at 1, 16, and 31 min were modeled as separate factors (Lehman et al. 2005) . A contrast was used to test the signiÞcance of the change in mean EAG response between the 1-min, baseline response and the response after 15-min exposure, between the baseline response and the response after 30 min of exposure, and between the response after 15 and 30 min of exposure (Lehman et al. 2005) .
The relationship between percentage adaptation and the natural logarithm of aerial pheromone concentration after 15 and 30 min of exposure was explored using linear and nonlinear regression analysis. Percent adaptation after 15 min of exposure to aerial pheromone was computed for each antenna as (EAG response at 1 min Ð EAG response at 16 min)/EAG response at 1 min ϫ 100, and after 31 min of exposure as (EAG response at 1 min Ð EAG response at 31 min)/EAG response at 1 min ϫ 100. Zero percentage adaptation was assigned to antennae that exhibited no change or an increase in EAG response after 15 or 30 min of exposure. A "forward selection procedure" that used a F-ratio test (Motulsky and Ransnas 1987, Zar 1999 ) was used to compare the predictive accuracy of Þrst-(linear), second-(quadratic), third-(cubic), and fourth-(quartic) degree polynomial regression models. Exact probabilities for the F-ratio test were computed using a "statistical tables calculator" (Lowry 2008) . The signiÞcance of differences between the third-degree polynomial regressions that best described the relationship between percentage adaptation and aerial pheromone concentration after 15 and 30 min of exposure was tested using a F-ratio test (Stefanadis et al. 2000) . This same test was used to compare the signiÞcance of between-species differences in the regressions Þtted for the 15-and 30-min pheromone exposure periods. Exact probabilities for the F-ratio test were computed using a statistical tables calculator (Lowry 2008) .
Results
The mean EAG response of G. molesta antennae increased 113Ð220% (P Յ 0.05) between stimulation with the blank (50 l ethanol) (range, Ð 0.174 Ϯ 0.074 , indicating that antennae were responsive to a pheromone stimulus. There was a 29% reduction in mean EAG response to the pheromone stimulus after 30 min of exposure to air, but no change after 30 min of exposure to air plus ethanol (Table 1) . There was no change in mean EAG response after 15 min of exposure to 5.0 ϫ 10 Ð7 ng Z8 Ð12:OAc/ml air; mean EAG response decreased by 20% after an additional 15 min of exposure to this aerial concentration of Z8 Ð12:OAc (Table 1) . Mean EAG response decreased by 16% after 15 min of exposure to 5.0 ϫ 10 Ð 6 ng Z8 Ð12:OAc/ml air and by 32% after 30-min exposure to this aerial concentration of Z8 Ð 12:OAc (Table 1) (Table 1) .
A linear and quadratic polynomial regression model yielded similar (F ϭ 1.5; df ϭ 1,77; P ϭ 0.2) predictive accuracy of percentage adaptation when G. molesta antennae were exposed to pheromone for 15 min. A cubic polynomial model [mean % adaptation ϭ 81.09 Ϫ 0.22 log e (concentration Z8 Ð12:OAc) Ϫ 1.06 log e (concentration Z8 Ð12:OAc) 2 Ϫ 0.051 log e (concentration Z8 Ð12:OAc) 3 ; r 2 ϭ 0.78; F ϭ 93.7; df ϭ 3,76; P Ͻ 0.0001; Fig. 1 ] yielded better accuracy than both a linear (F ϭ 14.3; df ϭ 1,76; P ϭ 0.0003) and a Antennae were stimulated with 50 l ethanol at 0 min and then with 10 g Z-12:OAc in 50 l ethanol at 1, 16, and 31 min. Immediately after delivery of the Þrst pheromone stimulus (1 min), antennae were exposed to air for 30 min (control 1), air plus ethanol (6.25 ϫ 10 Ϫ5 l/ml air) (control 2), or with ethanol and one of eight aerial concentrations of Z8 Ð12:OAc. quadratic (F ϭ 12.5; df ϭ 1,76; P ϭ 0.0007) model. The predictive accuracy of a cubic and a quartic model were similar (F ϭ 0.9; df ϭ 1,75; P ϭ 0.4). A quadratic model yielded better predictive accuracy than a linear model (F ϭ 7.1; df ϭ 1,77; P ϭ 0.009) when G. molesta antennae were exposed to pheromone for 30 min. A cubic model [mean % adaptation ϭ 82.51 Ϫ 1.54 log e -(concentration Z8 Ð12:OAc) Ϫ 0.92 log e (concentration Z8 Ð12:OAc) 2 Ϫ 0.038 log e (concentration Z8 Ð12: OAc) 3 ; r 2 ϭ 0.65; F ϭ 50.7; df ϭ 3,76; P Ͻ 0.0001; Fig.  2 ] yielded better accuracy than a quadratic model (F ϭ 5.6; df ϭ 1,76; P ϭ 0.02) but similar accuracy to a quartic (F ϭ 0.5; df ϭ 1,75; P ϭ 0.5) model. The cubic polynomial regression models that described the relationship between adaptation of G. molesta antennae and aerial pheromone concentration were signiÞ-cantly different for the 15-and 30-min exposure periods (F ϭ 5.6; df ϭ 4,152; P Ͻ 0.0003).
The mean EAG response of C. rosaceana antennae increased 70 Ð128% (P Յ 0.05) between stimulation with the blank (50 l ethanol) (range, Ð 0.193 Ϯ 0.400 to Ð 0.264 Ϯ 0.035 mV) and stimulation with 100 g of Z11Ð14:OAc 1 min later (range, Ð 0.421 Ϯ 0.050 to Ð 0.473 Ϯ 0.066 mV), indicating that antennae were responsive to a pheromone stimulus. There was a 21% increase in mean EAG response to the pheromone stimulus after 15 min of exposure to air; mean EAG response declined by 11% with a further 15 min of exposure to air (Table 2 ). There was no change in mean EAG response after 15 or 30 min of exposure to air plus ethanol or to 5.0 ϫ 10 Ð7 , 5.0 ϫ 10 Ð 6 , or 5.0 ϫ 10 Ð5 ng Z11Ð14:OAc/ml air (Table 2) . Mean EAG response decreased by 19 and 42% after 15 and 30 min of exposure, respectively, to 5.0 ϫ 10 Ð 4 ng Z11Ð14: OAc/ml air. The 10-fold increases in the aerial concentration of Z11Ð14:OAc over the range 5.0 ϫ 10 Ϫ3 Ϫ 5.0 ϫ 10 0 ng/ml air resulted in a 53, 63, 68, and 66% reduction in EAG response after 15 of exposure and a 69, 74, 76, and 74% reduction in EAG response after 30 of exposure (Table 2) , and 5.0 ϫ 10 0 ng Z11Ð14: OAc/ml air, respectively (Table 2) .
A linear and a quadratic polynomial regression model yielded similar (F ϭ 1.4; df ϭ 1,77; P ϭ 0.2) predictive accuracy of percentage adaptation when C. rosaceana antennae were exposed to pheromone for 15 min. A cubic polynomial model [mean % adaptation ϭ 68.69 Ϫ 0.73 log e (concentration Z11Ð14:OAc) Ϫ 1.22 log e (concentration Z11Ð14:OAc) 2 Ϫ 0.059 log e (concentration Z11Ð14:OAc) 3 ; r 2 ϭ 0.81; F ϭ 112.4; df ϭ 3,76; P Ͻ 0.0001; Fig. 1 ] yielded better accuracy than both a linear (F ϭ 21.4; df ϭ 1,76; P Ͻ 0.0001) and a quadratic (F ϭ 19.7; df ϭ 1,76; P Ͻ 0.0001) model. The predictive accuracy of a cubic and a quartic model were similar (F ϭ 0.5; df ϭ 1,75; P ϭ 0.5). A quadratic model yielded better predictive accuracy than a linear model (F ϭ 10.4; df ϭ 1,77; P ϭ 0.002) when C. rosaceana antennae were exposed to pheromone for 30 min. A cubic model [mean % adaptation ϭ 77.41 Ϫ 1.96 log e (concentration Z11Ð14:OAc) Ϫ 1.20 log e (concentration Z11Ð14:OAc) 2 Ϫ 0.051 log e (concentration Z11Ð14:OAc) 3 ; r 2 ϭ 0.78; F ϭ 94.4; df ϭ 3,76; P Ͻ 0.0001; Fig. 2 ] yielded better accuracy than a quadratic model (F ϭ 12.1; df ϭ 1,76; P ϭ 0.0009) but similar accuracy to a quartic (F ϭ 0.04; df ϭ 1,75; P ϭ 0.8) model. The cubic polynomial regression models that described the relationship between adaptation of C. rosaceana antennae and aerial pheromone concentration were signiÞcantly different for the 15-and 30-min exposure periods (F ϭ 8.1; df ϭ 4,152; P Ͻ 0.0001).
There was a signiÞcant between-species difference in the cubic polynomial regressions used to describe the relationship between adaptation and aerial pheromone concentration for the 15-(F ϭ 10.8; df ϭ 4,152; P Ͻ 0.001; Fig. 1 ) and 30-min (F ϭ 7.4; df ϭ 4,152; P Ͻ 0.001; Fig. 2 ) exposure periods.
Discussion
The degree of sensory adaptation increases with increased exposure to pheromone in the antennae of both G. molesta and C. rosaceana. For example, the Antennae were stimulated with 50 l ethanol at 0 min and then with 100 g Z11Ð14:OAc in 50 l ethanol at 1, 16, and 31 min. Immediately after delivery of the Þrst pheromone stimulus (1 min), antennae were exposed to air for 30 min (control 1), air plus ethanol (6.25 ϫ 10 Ϫ5 l/ml air) (control 2), or with ethanol and one of eight aerial concentrations of Z11Ð14:OAc. cubic polynomial regression model predicts 17% sensory adaptation when G. molesta antennae are exposed to 5.0 ϫ 10 Ð7 ng Z8 Ð12:OAc/ml air for 15 min and 27% adaptation when antennae are expose to this aerial concentration of Z8 Ð12:OAc for 30 min. The estimated aerial concentration of Z8 Ð12:AOc required to induce 50% adaptation in G. molesta antennae is 1.2 ϫ 10 Ð3 ng/ml air after 15 min of exposure but only 1.3 ϫ 10 Ð 4 ng/ml air after 30 min of exposure. The predicted level of adaptation is 81 and 83% in the antennae of this species when they are exposed to 5 ϫ 10 Ð1 ng Z8 Ð12: OAc/ml air for 15 and 30 min, respectively, suggesting that maximum adaptation occurs between 15 and 30 min of exposure to this concentration. Additional research should be undertaken to determine whether longer exposure periods or higher pheromone concentrations would induce greater levels of adaptation. The model predicts Ϸ3% sensory adaptation when the antennae of C. rosaceana are exposed to 5.0 ϫ 10 Ð7 ng Z11Ð14:OAc/ml air for 15 min and 9% adaptation when antennae are exposed to this aerial concentration of Z11Ð14:OAc for 30 min. The estimated aerial concentration of Z11Ð14:OAc required to induce 50% adaptation in C. rosaceana antennae is 7.5 ϫ 10 Ð3 ng/ml air after 15 min of exposure but only 0.9 ϫ 10 Ð3 ng/ml air after 30 min of exposure. The predicted level of adaptation is 69 and 78% when the antennae of this species are exposed to 5 ϫ 10 Ð1 ng Z11Ð14:OAc/ml air for 15 and 30 min, respectively.
There are interspeciÞc differences in the relationship between sensory adaptation and aerial concentration of pheromone. For example, the antennae of G. molesta are more susceptible to adaptation than the antennae of C. rosaceana because statistically detectable adaptation occurred in the former species at 1/1,000th the aerial concentration of pheromone (i.e., 25% after 30-min exposure to 5.0 ϫ 10 Ð7 ng Z8 Ð12: OAc/ml air) that was required to induce statistically detectible adaptation in C. rosaceana (i.e., 19% after 15-min exposure to 5.0 ϫ 10 Ð 4 ng Z11Ð14:OAc/ml air). In addition, the predicted aerial concentration of pheromone required to induce 50% adaptation in G. molesta (i.e., 1.2 ϫ 10 Ð3 ng Z8 Ð12:OAc/ml air) after 15 min of exposure is only one sixth the estimated aerial concentration required to induce the same level of adaptation in C. rosaceana (i.e., 7.5 ϫ 10 Ð3 ng Z11Ð14: OAc/ml air) after 15 min of exposure. Similarly, after 30 min of exposure, only one seventh the predicted aerial concentration of pheromone is required to induce 50% adaptation in G. molesta (i.e., 1.3 ϫ 10 Ð 4 ng Z8 Ð12:OAc/ml air) as is required to induce this level of adaptation in C. rosaceana (i.e., 9.3 ϫ 10 Ð 4 ng Z11Ð 14:OAc/ml air).
The results of this study and those of Trimble and Marshall (2007) showed that the atomization of 0.125 l ethanol/min into the EAG air delivery tube at an airßow rate of 2 liters/min, with a resultant concentration of 6.25 ϫ 10 Ð5 l ethanol/ml, does not affect the EAG response of G. molesta or C. rosaceana after a 30-min exposure period. Trimble and Marshall (2007) found no change in the responsiveness of G. molesta antennae after 30 min of exposure to the air velocity of 66.4 cm/s that results from an airßow rate of 2 liters/min through the 0.8 cm ID EAG air delivery tube. In this study, however, the responsiveness of antennae was reduced 29% after 30 min of exposure to the airßow rate of 2 liters/min. This difference in the effect of moving air may be caused by some unidentiÞed variation in the quality of the laboratory-reared G. molesta. In the previous study (Trimble and Marshall 2007) , there was a 31% increase and in this study there was an 8% increase in EAG response of C. rosaceana antennae exposed to the airßow rate of 2 liters/min. The absence of any change in sensitivity when the antennae of this species are exposed to ethanol suggests that ethanol may suppress the increase in responsiveness induced my moving air.
Sensory adaptation was Þrst detected in G. molesta by Baker and Haynes (1989) , who found a reduction in peak-to-trough EAG amplitudes as restrained female moths were moved upwind in plumes generated by high-emission-rate sources of pheromone. They also found that this reduction in EAG amplitude was correlated with in-ßight arrestment of upwind advancement to the source of pheromone in a ßight tunnel, and they hypothesized that arrestment was caused by a reduction in chemosensory input (i.e., adaptation) into the central nervous system during ßight up a plume. Stelinski et al. (2005) measured a reduction in EAG amplitude in the antennae of G. molesta after 60 min of exposure to Z8 Ð12:OAc, but they did not provide information on the level of adaptation (i.e., % reduction) or the aerial concentrations of pheromone required to induce adaptation. Sensory adaptation was also studied in G. molesta by Trimble and Marshall (2007) , who measured an 80% reduction in EAG response after exposure to 0.5 ng Z8 Ð12:OAc/ml air for 15 or 30 min. The comparison of the pre-and postpheromone exposure EAG response of G. molesta antennae carried out in this study suggests that the threshold concentration for adaptation after 15 min of exposure is at or below 5 ϫ 10 Ð7 Z8:12:OAc/ml air. The cubic polynomial regression model of the relationship between percentage adaptation at all tested concentrations of aerial pheromone after a 15-min exposure period suggests a threshold for adaptation below the lowest tested concentration of 5 ϫ 10 Ð7 ng Z8 Ð12:OAc/ml air. Sensory adaptation to pheromone in C. rosaceana antennae was Þrst studied by Stelinski et al. (2003b) , who found that 5 min of exposure to an estimated concentration of 36 ng of a 96:4 blend of Z and E11Ð 14:OAc/ml air resulted in a 55Ð58% reduction in EAG response. They also found that exposure periods of 15 and 60 min reduced sensory responsiveness to the same degree and concluded that greater levels of adaptation could not be induced in this species. In a subsequent study, Stelinski et al. (2003a) found that antennal responsiveness in this species was reduced by 40 Ð 60% after 1 h of exposure to estimated aerial concentrations of pheromone ranging from Ϸ5 to 40 ng/ml air. They suggested a threshold concentration for adaptation of Ϸ0.5 ng pheromone/ml air because they were not able to detect adaptation at lower aerial concentrations of pheromone. Sensory adaptation was also studied in C. rosaceana by Trimble and Marshall (2007) , who measured a 70% reduction in EAG response after antennae were exposed to 0.5 ng Z11Ð 14:OAc/ml air for 15 min. The results of this study showed sensory adaptation at 1/1,000th the aerial concentration of pheromone (i.e., 5 ϫ 10 Ð 4 ng Z11Ð14: OAc/ml air) previously thought to be necessary for detectible adaptation in this species. The cubic polynomial regression model of the relationship between percentage adaptation of C. rosaceana antennae and all tested concentrations of aerial pheromone suggest a threshold for adaptation between 5 ϫ 10 Ð7 and 5 ϫ 10 Ð 6 ng of Z11Ð14:OAc/ml air after a 15-min exposure period and Ͻ5 ϫ 10 Ð7 ng Z11Ð14:OAc/ml air after a 30-min exposure period.
The quantiÞcation of the relationship between sensory adaptation and aerial concentration of pheromone in G. molesta and C. rosaceana provides information that can be used to assess the likelihood that sensory adaptation is a mechanism of mating disruption in these species. There is no published information on the aerial concentration of Z8 Ð12:OAc in peach or apple orchards treated with pheromone formulations for the control of G. molesta or on the aerial concentration of Z11Ð14:OAc in apple orchards treated with pheromone to control C. rosaceana. Information on pheromone concentration in apple orchards treated with mating disruption formulations to control other pest moths, however, may provide some insight into the probability that adaptation plays a role in the disruption of G. molesta and C. rosaceana. For example, Bächman (1997) sampled air from a Swedish orchard treated with 1,000 Ecopom dispensers/ha for control of the codling moth, Cydia pomonella L. Gas chromatographic analysis of air sampled from this orchard showed that the aerial concentration of codlemone, (E,E)8,11-dodecadien-1-ol (E8,E11Ð12: OH), was 1 ng/m 3 . In a similar study, Koch et al. (1999) found that the concentration of E8,E11Ð12:OH in a Swedish orchard treated with 400 Ecopom dispensers/ha ranged from 1 to 2 ng/m 3 of air. In Washington State, air sampling studies in apple orchards treated with Isomate-C ϩ pheromone dispensers at application rates of 1,000 dispensers/ha conÞrmed that concentrations of E8,E11Ð12:OH are in the order of 1 ng/m 3 (Judd et al. 2005) . Suckling et al. (1999) used air sampling and gas chromatography analysis to estimate pheromone concentration in a New Zealand orchard treated with 1,000 or 2,000 Shin-Etsu Chemical Company dispensers for control of Epiphyas postvittana Walker and found that the concentration of E11-tetradecen-1-yl acetate ranged from 0.5 to 5 ng/m 3 . If the aerial concentration of pheromone in orchards treated with Isomate OFM Rosso for control of G. molesta or with Isomate OBLR/PLR for control of C. rosaceana (Trimble and Appleby 2004 ) is similar to the 1 ng pheromone/m 3 air in orchards treated with pheromone for controlling C. pomonella, it is possible that adaptation is a mechanism of mating disruption in G. molesta and C. rosaceana. The results of this study predict 16 and 28% adaptation of G. molesta antennae after 15 and 30 min of exposure to the equivalent of 1 ng Z8 Ð12:OAc/m 3 air (i.e., 1 ϫ 10 Ð 6 ng Z8 Ð12:OAc/ml air). The predicted level of adaptation in C. rosaceana antennae, however, is only 1.5 and 9.9% after 15 and 30 min of exposure, respectively, to the equivalent of 1 ng Z11Ð14:OAc/m 3 air (i.e., 1 ϫ 10 Ð 6 ng Z11Ð14:OAc/ml air). The approximately three-fold greater level of sensory adaptation in G. molesta after 30 min of exposure to pheromone may be one reason why this species is more readily controlled than C. rosaceana using mating disruption.
Sex pheromoneÐmediated mating disruption can be highly effective when used to control some species, such as G. molesta, but much less effective when used to control other species such as C. rosaceana. It has been possible only to speculate about the reasons for these differences because the mechanisms of disruption are not fully understood for any moth species (Cardé 2007) . The results of the comparative study presented in this paper clearly show interspeciÞc differences in the "susceptibility" of G. molesta and C. rosaceana to adaptation of the peripheral sensory system. Additional research will be needed to determine whether the levels of adaptation induced in this study have an effect on the ability of male moths to locate sexually receptive females. The pheromone sprayer could be used to expose a male moth to an aerial concentration of synthetic pheromone compound known to induce adaptation in the mothÕs antennae. The effect of this treatment on the maleÕs ability to locate a sexually receptive female could be tested in a ßight tunnel. The information generated in such an experiment could further advance knowledge of the mechanisms of sex pheromoneÐbased mating disruption in moths.
